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SUMMARY Recent studies with sequential positron-emission tomography have demonstrated that early clearance of activity from myocardium after i.v. carbon-11 ("C)-palmitate is decreased in regions of ischemia.
To determine whether the reduced clearance is 'a reflection of decreased washout of labeled substrate or its metabolites, or a reflection of decreased metabolism labeled fatty acid, we characterized the effects of restricted oxygen supply on regional '1C clearance rates in vivo u'nder two conditions: hypoxia'without concomitant reduction of flow and hypoxia induced by reduction of flow (ischemia) . In 21 open-chest dogs, the left anterior descending coronary artery (LAD) was cannulated and perfused by an extracorporal bypass system. In each dog two regional time-activity curves (90 minutes apart) were recorded with a d-detector probe after intracoronary injection of "IC-palmitate.'In control dogs (n = 7), no intervention was imposed between'the two studies. In the experimental dogs, oxygen supply was reduced 15 minutes before the second i'njection of "Cpalmitate by either reducing LAD flow by an average of 76% (ischemia group, n = 7) or by perfusing the LAD bed at normal flow rate with venous blood, resulting in an average reduction in oxygen content of 66% (hypoxia group, n = 7). Myocardial blood flow in the LAD-perfused region determined based on washout of H210 did not change in either'the control or hypoxia group, but decreased by an average of 64% (p < 0.025) in the ischemia group. Similarly, "C clearance rates did not change from the first to the second study in control dogs. However, the, "C clearance rate was reduced by an average of 52% with hypoxia despite maintenance of flow (p < 0.02) as well as by ischemia itself (61%, p < 0.005). Thus, clearance of "C-activity after extraction of "C-palmitate by myocardium is consistently reduced in regions rendered hypoxic despite persistence of perfusion, supporting the hypothesis that the metabolic attenuation induced by hypoxia or ischemia per se can be detected in patients based on sequential and quantitative analysis'of regional time-activity curves obtained by positron-emission tomography.
DECREASED OXIDATIVE METABOLISM of fatty acids 'is an early consequence of ischemia.1 '6 Since palmitate labeled with the positron-emitting isotope carbon-li ("IC) has the same biochemical properties as its physiologic counterpart and since positron-emission tomography permits quantitative determination of regional myocardial uptake and release of positron-emitting isotopes noninvasively, positron-emission tomography with "IC-palmitate has been' suggested as an approach for delineation of ischemic myocardium based on its altered fatty acid metabolism.6-9 However, Schelbert et al.'0 suggested that results would be distorted because of altered residence time or that altered washout would mask detection of impaired metabolism induced by hypoxia.
We showed that viable but ischemic myocardium supplied by -vessels with critical coronary stenosis in dogs extracts "IC-palmitate.9 In ischemic zones, the monoexponential decline of activity 5-15 minutes after administration of tracer has a lower rate constant than that in normal regions.9 At least two factors might account for this: decreased production of labeled diffusible metabolites due to impaired oxidative metabolism, and reduced washout of unmetabolized "IC-palmitate or labeled products of'intermediary metabolism due to reduced myocardial blood flow per se. Based on results in vitro, metabolism itself appears to be a major determinant of this early phase of clearance." However, myocardial metabolism and perfusion change concomitantly in vivo,'2 complicating the differentiation of the relative importance of metabolism and flow on observed changes in clearance of tracer. We used an experimental preparation -designed 'to permit independent control of coronary flow to selected regions of myocardium in vivo and to permit independent control of oxygen delivery without reduction of flow by perfusion of the'same'regions with hypoxic blood.
The purpose of the present study was to determine whether reduced oxidative metabolism induced either by reduction' of coronary flow (ischemia) or perfusion with hypoxic blood at physiologic flow rate (hypoxia) influences clearance of "IC-palmitate extracted'by the myocardium independent of flow itself.
Methods
Twenty-one dogs (18-25 kg) were anesthetized with sodium thiopenthal, 12 mg/kg i.v., followed by achloralose, 90 mg/kg, and urethane, 375 mg/kg i.v. After intubation, each dog was ventilated with a Harvard respirator (model 607) with room air enriched with oxygen to maintain arterial Po2 greater than 90 mm Hg. Catheters were advanced from a right femoral cutdown into the ascending aorta for con-VOL 65, No 4, APRIL 1982 tinuous pressure recording and into the inferior vena cava for administration of drugs. A left thoracotomy was performed in the fifth intercostal space and the heart was suspended in a pericardial cradle. The left anterior descending coronary artery (LAD) was isolated distal to the first diagonal branch. A polyethylene 20-gauge catheter (Argyle Intramedicut) was inserted into a vein distal to the isolated artery segment. An electrode was sutured on the epicardium in an area perfused by the distal LAD for recording of the ECG. After i.v. heparin, 10,000 U, and lidocaine, 40 mg/kg, the LAD was ligated and cannulated distal to the ligature by a polyethylene cannula (0'.8 mm i.d.). Perfusion was then initiated with blood from the femoral artery through the extracorporeal bypass system. Interruption of coronary flow for cannulation did' not exceed 3 minutes. Figure 1 is a diagram of the extracorporeal bypass system. Polyethylene catheters joined by a Yconnector were inserted into the descending aorta and the vena cava distal to the renal veins from a left femoral cutdown to permit perfusion with either arterial or venous blood. The bypass system included a calibrated occluding roller pump (Buchler Instruments), a heat exchanger-to maintain temperature of the blood entering the LAD at 37°C, and a side arm for pressure measurements. Tracers were administered through a T-connector sealed with a rubber membrane inserted just proximal to the coronary cannula. Pump calibration included documentation of independence of delivered flow rates from inflow and outflow pressure as high as 200 mm Hg.
Aortic and coronary perfusion pressures were Myocardial time-activity curves after intracoronary injection of "IC-palmitate (half-life of "IC, 20.4 minutes) or oxygen-15-labeled water (H2'50) (half-life of "IO, 2.07 minutes) were determined with a recently developed and characterized A-detector probe'" positioned above the epicardial surface in a region between two arterial branches perfused by the cannulated LAD. The fl-probe head contains a 3-mmthick cylinder of scintillation plastic covered at the window opening by aluminum (0.05 mm thick), resulting in high efficiency for beta radiation compared to gamma radiation.'"
The fraction of recorded events attributable to gamma photons was estimated for IC 'by counting test sources with selected amounts of "IC with and without interposition of a 0.5-mm lead, sufficient to absorb positrons completely but insufficient to attenuate gamma photons with an energy above the discriminator level of the single-channel analyzer by more than 15%. Interposition of a 0.5-mm lead sheet between the source and the detector reduced the count rate to 3.1 ± 0.4% (± SEM) (1I1 determinations). Accordingly, the contribution of gamma radiation elicited from positron annihilation to total count rate observed was less than 5%. The probe was connected to an Ortec amplifier (model 485) and an Ortec single-channel analyzer (model 488). Count rates were monitored with a rate meter and collected with a MITS microcomputer. The computer provided correction of raw data for physical decay of the isotope as well as printouts of regional time-activity curves.
Analysis of Regional Time-Activity Curves
Calculations of rate constants (k), half-times and correlation coefficients (r) for characterization of selected monoexponential portions of H2'10-and "ICpalmitate time-activity curves were performed with a microcomputer.
The "IC-palmitate clearance rate was determined for the early monoexponential component occurring from [3] [4] [5] [6] [7] The H2160 and ICO2 were produced in the Washington University Medical Center Cyclotron (Allis Chalmers).'1' 17 The "IC-palmitate was prepared from "ICO2 as previously described.11 Radiochemical purity of 11C-palmitate was verified by high-performance liquid chromatography with a Waters M-Bondpak fatty acid column.
Protocol
After cannulation, flow into the LAD was adjusted so that perfusion pressure matched aortic diastolic pressure. After this initial adjustment, coronary perfusion was maintained constant throughout each experiment except under conditions in which effects of ischemia were studied. After a stabilization interval of 15 minutes, 0.5-1.5 mCi of H210O in 0.1-0.3 ml of saline were injected as a bolus just proximal to the coronary cannula. Regional activity was monitored for 5 minutes after administration of tracer. When counts had returned to background (consistently by 10 minutes after the H2150 injection), 2-5 mCi of 'ICpalmitate bound to 4% human albumin in 2-5 ml of saline were infused within 15 seconds through the injection port. The 11C-palmitate time-activity curves were recorded for 20 minutes after each injection of tracer. Arterial and coronary venous blood samples for fatty acid, lactate and blood gas determinations were withdrawn 10 minutes after the injection of "ICpalmitate.
Eighty minutes after the first injection of '1C-palmitate, an interval sufficient for counts from the first '1C-palmitate injection to return to background, a second study with a second injection of H210 followed 10 minutes later by a second injection of '1C-palmitate was performed. For the second tracer study, three protocols were used: (1) In seven dogs (control group), the second study was performed with perfusion continued with arterial blood at the same flow rate as that used during the first determination.
(2) In seven dogs (ischemia group), 5 minutes before the H2180 injection (15 In the seven dogs in the hypoxia group, average oxygen content decreased by 66%, from 16.7 ± 1.8 ml/l00 ml to 5.7 ± 1.2 ml/100 ml. Although flow in the LAD was kept constant, the average perfusion pressure decreased by 44% (p < 0.02), indicating decreased coronary resistance. Heart rate and aortic pressure did not change (table 1) . Changes in the epicardial ECG during hypoxia were less pronounced than those during ischemia. Nevertheless, ST-segment elevation -of more than 1.5 mV occurred in every dog. The average A-V difference in oxygen content decreased by 66% (p < 0.02), while the A-V difference in fatty acid content did not change (table 2). As during ischemia, lactate extraction was converted to production (table 2).
Regional Myocardial Blood Flow (table 3) Regional myocardial blood flow was determined from washout of myocardial activity after a bolus injection of H2,5O.'6 The fit of the analyzed curve segments to a monoexponential was excellent, as indicated by the high correlation coefficients during control, hypoxic and ischemic conditions (> 0.99, > 0.99, and > 0.97, respectively). In the control group, myocardial blood flow did not change in the second compared with the first tracer study 90 minutes earlier. In the ischemia group, myocardial blood flow decreased by an average of 64%, from 126.2 ± 26.5 ml/min/100 g to 45.6 ± 9.9 ml/min/100 g (p < 0.025). In the hypoxia group, it increased slightly (NS), although flow in the LAD was kept constant, presumably due to reactive hyperemia mediated through collaterals.'2 Regional Clearance of "IC-Palmitate Figure 2 shows regional time-activity curves from a control dog after two injections of '1C-palmitate 90 figure 2 .
reduced coronary flow, as indicated by the activity remaining in the myocardium after the phase of initial vascular clearance.6 However, compared with the monoexponential clearance during perfusion at normal flow, the 'IC-clearance rate is greatly decreased after reduction of coronary flow. Thus, the average rate of monoexponential "IC clearance in the ischemia group was reduced by 61%, from a control value of -0.106 + 0.014 minm' to -0.041 ± 0.013 min-' (p < 0.005; table 4). Figure 4 shows time-activity curves from a dog sub- In isolated rabbit hearts perfused at constant flow, the rate of monoexponential clearance of activity from "IC-palmitate extracted by the myocardium is closely correlated with determinants of myocardial oxygen consumption and "4CO2 production from concomitantly administered 14C-palmitate."1 These findings suggest that changes in oxidative metabolism of "IClabeled fatty acids incorporated into myocardial neutral lipids can be detected externally based on analysis of regional time-activity curves after injection of "IC-palmitate. In the present study, monoexponential "IC-clearance was therefore characterized as a potential index of reduced aerobic metabolism induced by either ischemia or hypoxia and manifested independent of flow itself.
Early monoexponential "IC-clearance was reduced by 52% during hypoxic perfusion, a reduction of similar magnitude to the decrease induced by ischemia. Although flow in the LAD was maintained constant during hypoxic perfusion, myocardial blood flow in the subepicardial layers could have changed by altered collateral flow or redistribution of flow between subendocardial and subepicardial myocardial layers.'2 L'Abbate et al. 23 suggested that washout of diffusible labeled molecules can decrease without reduction of flow during vasodilatation, which was undoubtedly present in our study during hypoxic perfusion, as indicated by the significant decrease in perfusion pressure. However, the rate of clearance of H2150 increased slightly (although not significantly) during hypoxic perfusion. Therefore, reduced passive washout of labeled oxidation products or of unmetabolized palmitate could not be responsible for the decreased rate of "IC-clearance during hypoxic perfusion. However, oxidative metabolism was markedly reduced in marked reduction in the A-V difference in oxygen saturation, the appearance of lactate production2 and the ST-segment elevation.27 Accordingly, decreased "IC-clearance rate is most compatible with decreased rate of oxidative fatty acid metabolism.
Since the average reduction of myocardial blood flow of 64% during ischemia was similar in magnitude to the reduction of blood oxygen content (66%) during hypoxic perfusion, restriction in oxygen supply was similar during both conditions. Thus, it is not surprising that the average reduction of "IC-clearance rate was also similar. Decreased washout of labeled oxidation products may have contributed to decreased "IC-clearance rate during ischemia, but since myocardium rendered hypoxic but not ischemic manifested comparable reduction of monoexponential "IC clearance, metabolism itself appears to be primarily responsible.
The results of this study are consistent with the decreased rate of clearance of "IC-activity during stress in myocardial regions supplied by a stenosed coronary artery in intact dogs. 9 Fatty acid metabolism in ischemic and hypoxic myocardium has been studied extensively. Uptake of fatty acids from blood into the myocardium is unchanged or slightly or severely depressed, depending on the severity and duration of oxygen restriction.2-5 In contrast to the variable changes in fatty acid uptake, oxidation of fatty acids is consistently reduced in ischemic or hypoxic myocardium, with an increased fraction of extracted fatty acid incorporated into triglycerides.2-1 Decreased uptake of "IC-palmitate in myocardium rendered ischemic for prolonged periods has been documented noninvasively in isolated perfused hearts,6 in dogs with coronary occlusion6' 7 and in patients with myocardial infarction.8 In contrast, no decrease in "IC-palmitate uptake was detectable in regions supplied by a critically stenosed coronary artery exhibiting ischemia without gross infarction.9 Consistent with the latter findings, results in the present study indicate that myocardium rendered ischemic or hypoxic for short intervals extracts fatty acids reflected by a persistent A-V fatty acid difference and a similar fraction of injected counts present at the beginning of the monoexponential clearance phase (figs. 2 and 3). Small changes in "IC-palmitate extraction cannot be excluded, however, because the tracer was injected over several seconds. 6 In summary, the present study demonstrates that reduced regional clearance of activity in vivo is not simply a flow-dependent phenomenon. "IC-clearance is consistently depressed in regions with restricted oxygen supply regardless of whether or not flow is concomitantly reduced. Since 
